PHYSICAL REVIEW E 66, 041307 (2002
High-resolution inelastic neutron scattering from water in mesoporous silica
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High-resolution inelastic neutron scattering measurements of the molecular dynamics of water confined to a
porous host, the molecular sieve known as MCM-41, which has a hexagonal array of parallel pores with
average pore diameter of 27 A, are reported. Previous neutron measurements probing higher-energy transfers,
and thus shorter time scales, have been analyzed with both a rotation-translation diffusion model and a
stretched exponential intermediate scattering function. The dynamics on longer time scales presented here are
modeled well with a stretched exponential relaxation in a confining geometry. The observed molecular dynam-
ics of water are three orders of magnitude slower than has been previously reported for water confined in
MCM-41.
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[. INTRODUCTION used, thus allowing for order on larger scales, a highly desir-
able property. Many potential applications of the material

The effects of confinement on the molecular properties ofnvolve an aqueous phase. In such cases water-surface inter-
water have attracted a lot of interest in the past few decadedCtions play an important role in determining the properties
[1-11. Understanding the behavior of this fascinating hy-Of the systems of interest and in controlling catalysis, chemi-
drogen bonded fluid upon confinement is of value to a vasfal reactions, and water mediated biological interactions. In

array of problems ranging from oil recovery and geochemi_addition, in such restricted geometry, the molecular and bulk

cal applications to biophysical interactions, medical imaginggirtci)gfsrt']?rzgi\é";t;e(ﬁg}i;grzcrt#égi?i‘gg gzgig]:ibﬂlgﬁzggn'
coIIo!d and interface chemistry, and food product quality. of water-surface interaction, global confinement effects and

It is accepted that water molecules access a large range Q mple morphology16—19
possible motional frequencies depending on the nature of the Previous neutron scattéring measurements of confined
confining medium. Results from quasielastic neutron scatters siar were carried out using time-of-flight spectrometers
ing show the characteristic relaxation time for water mol- yiih energy resolution of order 10-1Q@V yielding infor-
ecules in pores as small as 20 A in diameter to be of thenation about dynamics in the range of 1-100[p<2,4,5.
order of a few picosecondd], only a few times slower than These previous studies on water in confinement have con-
the correlation time for bulk watefr12]. On the other ex- cluded that motion of water can be described as single-
treme, nuclear magnetic relaxation results reveal correlatioparticle diffusion with a correlation length of a few ang-
times on the order of a few microseconds in pores as large asroms. This value of a confining radius was arrived at by
a few hundred angstromg3]. Using neutron spin echo, various research groups regardless of the pore size or geom-
Swensonet al. recently measured relaxation times in the etry used4,5,20,24. This result comes about due to instru-
10 1°-10° s range for water confined in vermiculite clay ment limitations in sampling time scales that allow water
[13]. molecules to diffuse only within such small radii.

The early 1990s witnessed the discovery of family of me- Most porous materials have imperfect pore structures.
soporous molecular sieves known as M418] which has  Materials like Vycor and controlled porous glas$€®G are
since been the center of some attention in the literature dukenown to have interconnected pores with low monodisper-
to its possible uses in a wide variety of procesgb$15.  sity, and a poorly defined pore geometry. In these more ran-
One member of the family, MCM-41, consists of a hexago-dom confining geometries it is difficult to disentangle the
nal crystalline arrangement of paraxial channels. The mateelevant features of the host material that yield the differ-
rial can be produced with finely tuned pore diameters withinences in the molecular dynamics of the bulk and confined
the 16100 A range as well as a very high surface érea systems. It is of both fundamental and practical interest to
excess of 1000 Ag). The material has spawned a revolution determine the effects of the interconnectedness of the pore
in catalysis. The extremely high surface area allows for sunetwork, the pore size distribution, the presence of strong
perb catalytic conductivity, and the relatively large pore sizesurface interactions, and the absolute pore size on the dy-
compared to conventional zeolitétypically less than 10 A namics of water.
allows the incorporation of large active complexes in the In this paper we present results of a series of inelastic
pores. Thin films of the material can be produced with poréincoherent neutron scattering measurements of water in
channels either parallel or perpendicular to the substrat®ICM-41. Previous measurements on water in MCM-41 sug-

gested dynamics on time scales of picoseconds. Here we
extend these measurements using very high-resolution neu-
* Author to whom correspondence should be addressed. tron spectroscopy and find that the confined water exhibits
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FIG. 1. X-ray diffraction pattern of MCM-41 as synthesized for
this study. The narrow width of the 110 peak is evidence of well
developed powder particles. The higher-order peaks reflect the high
crystallinity of the porous particles.

Relative Pressure [p/p,]

FIG. 2. Nitrogen adsorption-desorption isotherm for calcined
MCM-41. The isotherm shows no evidence of hysteresis. The sharp

dynamics three orders of magnitude slower than found in thgwiddle region demonstrates the narrow pore size distribution of the
material.

previous measurements. This paper is organized as follows.
Section Il describes the synthesis and characterization of the h | uni I Th llini £ th |
porous host MCM-41. In Sec. Ill we discuss the neutron© @ hexagonal unit cell. The crystallinity of the sample

scattering measurement details. In Sec. IV the data analysf&™MeS lfromha hhexa?onal d|str|bL|1|F|on of one-d|menf3|onal
and results are presented, including a detailed description Gf1annels rather than from a crystalline arrangement of atoms

the theoretical model used in fitting the data. Finally, weVithin the sample. The rarely observed 300 peak can be seen

summarize our findings in the concluding Sec. V. in the magnified portion of the patterimset Fig. 1. The
wall-to-wall distance in the as-synthesized sample is 38.9 A,

which contracts to 35.43 A after calcining.
The N, adsorption isotherms are shown in Fig. 2. The
Fumed silica powdef99.8%, metal free, particle size 0.07 overlay of the adsorption-desorption phase isotherms indi-
um) and tetramethyl ammonium hydroxide pentahydratecates no significant hysteresis. The linear increase over the
(TMAOH, 97%) were obtained from Sigma. Cetyltrimethyl low-pressure regioriL) of the isotherm P/Py<2.5) is ac-
ammonium bromidéCTABR, 99% was obtained from Al- counted for by the adsorption of a thin layer of gas on the
drich. TMAOH and CTABR were dissolved in distilled pore walls. The isotherm shows an inflection characteristic of
deionized water in a 250 ml beaker while stirring with a capillary condensation in the intermediate-pressure region
magnetic stirref500 rpm) at 30 °C until a clear solution was (M). The sharp increase in the volume of adsorbgdrthat
obtained. The silica powder was then added and the mixtureegion is indicative of the narrow distribution of the pore
stirred for 3 h at 30 °C. The final molar composition of the diameters. The increase in adsorbed volume in the high-
material was 1.0 SiQ 0.19 TMAOH, 0.27 CTABR, 40 KO pressure regioitH) is attributed to multilayer condensation
[10] and it contained 200 g of water. The mixture was agedat the outer surface. The pore size distribution is calculated
for 24 h at room temperature and transferred into a stainlesgsing the Kelvin equatiofi21]. The narrow pore size distri-
steel Viton-lined autoclave. The mixture was allowed to reacbution is centered at a diameter of 27.5 A and the total sur-
in a furnace at 125 °C for 68 h, after which the autoclave wadace area was calculated to be 858gn
cooled under running water. The solid material was recov-
ered by filtrati_on, washed extens_ively ir_1 distilled o_le_ionized Il NEUTRON SCATTERING MEASUREMENT DETAILS
water, and dried at 45°C overnight. Finally, calcining the
sample at 650 °C o8 h removed the organic template ma-  Neutron scattering measurements were carried out at the
terial. NIST Center for Neutron Research on the high-flux back-
X-ray diffraction (XRD) measurements were carried out scattering spectrometéHFBS) [22]. The HFBS is a high-
with the CuK« radiation from a Siemens D50Q38] dif- energy-resolution backscattering spectrometer in which the
fractometer operating at 40 kV and 30 mA using 0.025° stepgncident neutron energy is varied via Doppler shifting the
and a 2 sstep time. Nitrogen adsorption and desorption meaneutrons about a nominal incident wavelength of 6.271 A.
surements were carried out on a QuantochrdB® Au-  After scattering from the sample only neutrons with a fixed
tosorb automated gas sorption system at 77 K with an outgd@al energy are received in the detectors as determined by
temperature of 473 K. Bragg reflection from a large crystal analyzer system. The
Figure 1 shows the XRD powder pattern as a function ofinstrument operated with a dynamic range+dfO peV. The
26. The peaks in the diffraction pattern are labeled accordingnergy resolution of the instrument was obtained by scatter-

II. SYNTHESIS AND CHARACTERIZATION OF MCM-41
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ing from the sample plus sample holder at a temperature afater, T,~228 K. Upon approaching that temperature from
113 K. The data were collected for five temperatures betweeabove, the cage relaxation time becomes longer and longer
213 and 300 K, and 16 wave vector transfer Q) values until it reaches infinity atTg, at which point the liquid
ranging from 0.25 to 1.75 AL, The resolution of the instru- reaches a state of structural arrest. This prediction is in strik-
ment, 0.80ueV full width at half maximum, was obtained by ing agreement with the predictions from molecular dynamics
fitting a single Gaussian function to the elastic scattering atMD) simulations of the simple point charge-extended
113 K. The HFBS therefore can probe dynamics in the nanotSPC/B water mode[26]. The MD simulations also predict
second range, a thousand times slower than the dynamics #critical or singularity temperature at which water undergoes
bulk water. Previous neutron scattering measurements of wa structural arrest and where the diffusion constant becomes
ter in confinement have concluded that the dynamics of wazero. This occurs at-49° below the temperature of maxi-
ter slow down by less than one order of magnitude from thénum denSity for the SPC/E model. It also Slgnlfles the onset
dynamics in the bulf4,5]. The water-saturated MCM-41 Of vitrification as a result of a kinetic glass transitiEQj._ The .
was placed in a slab-geometry thin-walled aluminum samplénain evidence supporting the existence of the singularity
holder, sealed with an indium O ring, and mounted onto demperature comes from the power law dependence of sev-

closed-cycle refrigerator. The temperature was controlled t§ral water relaxation parameters on temperaf@m®. Since
within +0.05 K. the singularity temperature is experimentally inaccessible in

bulk water, it becomes necessary to look at water under con-
finement conditions that will allow sufficient supercooling.
Chen et al. provide a detailed derivation for the single-
In an inelastic neutron scattering experiment, one meaparticle ISE as a result of applying the mode coupling theory
sures the partial differential scattering cross sedtRiDSCS  (MCT) to supercooled watd26].
d20/dQ dE, whereE is the energy transfer to the sample  Zanotti et al. have recently applied the predictions of
andd( is the solid angle into which the neutron is scatteredMICT to supercooled water confined in porous glass. An ap-
[23]. The PDSCS, which depends on experimental andropriate ISF would then be obtained by multiplying the ap-
sample details, is related to the sample scattering functiopropriate expression for a particle confined to a d&geéy a

S(Q,E), which depends on the sample only. This relation-stretched exponential factor to capture both the long and
ship is given by short time evolution of the relaxation.

After making some relevant approximations the final ISF
has the following forn{5,26]:

IV. DATA ANALYSIS AND RESULTS

d?o N o KS E !
d0dE Nimx (Q.E), (1)

t\A
IS(Q,t)=A(Q)eXF{—(;) } 2
whereN is the number of scattering centers in the collision,

k is the scattered wave vecta, is the incident wave vector, In Eq. (2) A(Q) is the elastic ISHEISF obtained for

and o is the scattering cross section of the scatterer. Thevater molecules confined either to a sphere or to a hydrogen
sample scattering function is related to the intermediate scabonded cage, depending on the model used. In this paper,
tering function(ISF) 15(Q,t) via Fourier transformation in however, we do not rely on any preexisting model to obtain
time, which can often be calculated with a theoretical modelthe EISF; a very different explanation of the origin of the

Inelastic neutron scattering data from water are typicallyEISF used in our model is given below.
analyzed using models that take into account contributions An alternative approach to the study of supercooled water
from the vibrational modes in water combined with rota- comes from the percolation or transient gel mod8—31]
tional and translational diffusion contributions. The resultingand the lattice fluid32] model, which do not include a sin-
structure factor is a convolution of the three structure factorgjularity temperature. A necessary outcome of the percolation
corresponding to each type of motion. The motion of watemmodel is a continuous distribution of correlation or relax-
molecules in the bulk at room temperature can be describegtion times in supercooled water. A continuous distribution
as a normal stationary Markovian random process. The paef relaxation times is observed in glasses and glass-forming
sition and orientation of an individual water molecule de-liquids. Confinement of water results in a molecular structure
pends only on the time and distance separating it from it&ind dynamics similar to those observed in supercooled bulk
previous position. The motion does not carry informationwater [26]. Hence, under proper confinement and reduced
about initial conditions. The correlation function of water temperature conditions one should be able to access the re-
molecular motion in this case falls off exponentially with gion below the kinetic glass transition temperature. As a mat-
time. The exponential model has been typically adopted foter of fact, water molecules on the surface of proteins are
analyzing relaxation data for water in confinement. known to exhibit glasslike behavi$B3].

The mode coupling theory of liquids has been widely Further evidence comes from experiments done on the
used recently in developing models to study the behavior ofreezing of confined water which is widely believed to start
glass-forming liquid§25] and supercooled waté26]. It re-  from the middle of the confining region where free water
lies on the transient cage effect defined as the trapping aéxists and then proceed outward toward the wall. The so-
water or liquid molecules in cages upon supercooling of thecalled surface water, a monolayer or so of water molecules
fluid. One of its predictions is the existence of a critical closest to the surface, is believed to be nonfreeZzdlfe34).
temperaturerl identified as the singularity temperature for Freezing measurements can be used to measure the pore size
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distribution of porous materialg34]. These often reveal a - '
sharp transition near the characteristic freezing temperatur
of the water in the pores. The sharpness of the transition is

good indicator of the monodispersity of the pore size distri- * Data
bution. — ng ;
As the temperature is lowered further below the charac-+ 100} ===+ Resolution H .

teristic freezing temperature, a smooth and slow continuous3
transition is observed. This is associated with surface watewg
molecules in the sample. The pore size calculations mus£
take into account the thickness of the nonfreezable watei3
layer [34]. The technique works extremely well but only
down to certain pore siz¢46]. The reason can be attributed
to the absence of free water in very small pores and the fac
that all the water behaves more or less like surface, nonfreez
able water. Morishige and Kawano used x-ray diffraction b
measurements to characterize the freezing and melting an  -10
phase behavior of water confined to the pores of different E (ueV)
pore size MCM-41. Most of the samples showed the antici- _ o ) )
pated sharp transition near the expected freezing tempera- FIG. 3. ngh-resolgglon inelastic n_eutron scattering data taken at
ture. Their smallest pore size sampfes 124, similar to the 223 K ataQ of 1.1 A™%. The open circles are the neutron counts,
pore size of the sample we have used in this study, does ngpd the _solld line is the_best fit _to thg data. The solid line is a
show any sign of a sharp transition near the anticipated free%c_onv_olutlon of the resolution function with a stretched exponential
ing point (~223 K from the Kelvin equation Rather, there unc_tlon, which ar(_e also shown individually. The convolution was
is continuous transition over the 200—260 K range. This in-CarrIeOI out according to E4S).
dicates that the water in the pores exists well within the
?J?(S;B{Zggiszeéoﬂll)lsaltsv(\j;\(!c():?\(:ttiz ?ggﬁﬁgewfréhig?;:’ngedr??r?rﬁfoups of the pore walls, which are also expected to have
, : ith the very small size of the confining pores very slqw dyngmlcs relative to 'Fhe observed time scale. _
\(/:v%ri]g:l;n\(/:vté)%rlldwétffectively result in a further, more severe su: Th_e .|nelast|c spectra were f|t.ted o a scattering function
' consisting of the sum of a function and the Fourier trans-

percooling of the water in the sample. Un_der these _Cor?diform F of a stretched exponential decay convoluted with the
tions, the water dynamics can be characterized by a distribyqution function of the instrument

tion of correlation timegy (In 7) [35], as for other glasses.

50

The relaxation process is well represented by the Kohlrauch- S(Q,E)=[8(E)+A*(Q)F(S.)]®R(Q,E), (4)
Williams-Watts (KWW) model, and an appropriate single-
particle ISF can be written as which is the Fourier transform of the following function in
the time domain:
t\ A t\2
IS(Q,t)=A*(Q)exr{—(;) } ) CD(Q,t):{R(Q)exL{—(T—> }
0
t)2 t\A
where g is the stretch factor. +A*(Q)exp{ - (—) ex;{ - (—) ]
It is worth noting that, although this ISF has exactly the 7o T

same form as the ISF in Eq2), which was obtained by x exfli e(Q)t]. (5)

using MCT predictions after appropriate approximations
were made, the underlying principles are different, as is thdhe first term in the square brackets is an amplitude multi-
significance of the elastic structure factor. One would notplying the Fourier transform of the resolution function of the
expect the mode coupling theory to be an appropriate modeéhstrument, best represented by a single Gaussian decay. The
for the water in such small pores, because the appropriatealue of 7o was determined at eacd value from the 113 K
regime for MCT is restricted to weakly supercooled statesdata. The second term in the brackets is the ISF for water.
[36]. In addition, excluding the surface water, one cannoflThe last term in the equation is a complex phase factor to
expect to have more than four or five layers of water mol-take care of the zero-frequency offset in the spectrum. The
ecules between the walls, so that well ordered cages of watéurier transform was carried out numerically such that each
(e.g., pentamejsare unlikely to form. data point in the frequency domain was assigned a corre-
There are two factors contributing to the modified elasticsponding point in the time domain.
structure factorA*(Q) in Eg. (3). NMR evidence reveals A sample spectrum is shown in Fig. 3. The points repre-
water molecule dynamics in the same sam@@& and in  sent the data @=1.1 A~* and the solid line is the fit using
similar sampleg3] in the microsecond range, which would the model given in Eq(5). The overall relaxation time and
give an elastic contribution to the structure factor. Anotherthe stretch facto3 obtained from the fit are presented in
contribution comes from the protons of the surface hydroxylTable I. The dependence of the relaxation r@te) on Q for

041307-4



HIGH-RESOLUTION INELASTIC NEUTRON . .. PHYSICAL REVIEW E66, 041307 (2002

TABLE I. Relaxation times and stretch factors as a functio@@ndT. The top of the table also contains
the values of the power of the power law dependence of the relaxation rate at each temperature. The empty
spaces correspond to the points where the signal to noise ratio was poor or where the sample orientation
resulted in significant neutron absorption. The correlation times are in nanoseconds. VaRi¢isabfare
greater than 1 have been discarded.

T (K)
223 227 230 260
y=1.2+0.1 y=1.58+0.14 y=1.72+0.36 y=2.37x0.91
QA T B T B T B T B

0.25 8.61 7.83 0.71 5.48 0.10 4.9 0.37
0.365 668  0.69 6.64 0.55 1.79 0.58 1.78 0.30
0.469 3.91 4.27 0.93 2.78 0.81 0.80 0.72
0.745 269 042 1.62 0.66 0.96 1.05 0.29 0.23
0.991 190  0.66 1.05 0.67 0.39 0.82 0.02 0.33
1.106 138 0.46 0.94 0.75 0.13 0.61
1.217 044 057 1.48 0.84 0.18 0.49
1.32 035  0.38 0.41 0.58 0.38 0.33
1.42 0.16 0.38 0.28 0.55

1.598 0.03 0.33

the various temperatures is presented in Fig. 4. The relaxanomalous temperatures in this case are either very close to
ation rate increases with increasi@g and the best fit to the or below that value.
data reveals a power law dependence of the relaxation rate One might also be inclined to conclude that such a behav-
on Q, in keeping with previous results obtained for waterior could be attributed to the fact that the theoretical freezing
confined in Wcol[5]. There is some deviation from tiizQ?  temperature of the pores is being approached, as predicted by
scattering law as the power takes on values between 1.2 at@e Kelvin equation. Although water molecules are in the
2.4 (Table ), increasing as the temperature increases. glassy phase, a significant portion is expected to be frozen
Previously reported values for the powerare typically [.16,34}; thl_s is a very |nterest|ng_r.eg|on where vyatgr is most
larger than 2[5,35]; for our data this is also true for the likely making the smooth transition from the Iqu_ud to the
highest temperature. The data taken at 223, 227, and 230 fr(oz_en state. In order to delineate the two_ effects it would pe
give values fory that are less than 2. This is an interestingdes'rable to (_)bserve water near Fhe freezing temperature in a
result, and further investigation is warranted to find thelarger pore size and near the critical temperature in a smaller
physical reasoning behind such behavior. It should be noteBC"€ SiZ€. _ _ _
that most measurements on supercooled water rarely venture 1 N€ data also show a sharp increase in slope in the log-log

1 — -1
near the critical temperature of228 K, and the three Plot of the relaxation rate vQ at aroundQ=1.2A"*. No
gquantitative conclusions can be made due to the very poor

v I 1 signal to noise ratio in thad range. It does, however, seem

to indicate a further divergence at high@rvalues from the
223K . hydrodynamic behavior of water, which one should be able
to recover at sufficiently lov@ values in the case of the 260
K data, and, within experimental error, the 230 K data.
Figure 5 shows the stretch factor as a functiorQofAl-
though there is a lot of uncertainty in the data, the overall
trend shows thas falls significantly below 1 for large values
of Q, and approaches unity for sm&)l values. At large val-
ues ofQ the scattering probes the ideal gas behavior of the
fluid. The diffusive nature of the motion is recovered for low
values ofQ, where the value oB approaches unity.
] The fitting process depends upon the relaxation time and
= ” e ; . the stretch_factpﬁ; a more physically meaningful'value pf
’ ’ ’ ) co the relaxation time would have to take both variables into
Q ( A‘1 ) account. The average relaxation time can be well represented

by [5]
FIG. 4. The relaxation rat€l/7) for water as a function of).

@ B ;
The log-log plot shows evidence of a power law dependenceQrhe ;o= f ex;{ B (i) }dtz T F( 1) ®
range shown is 0.25-1.27A @

o~ 10 E
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FIG. 5. Q dependence of the stretch facf@rData were taken at

23 K
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The dependence of the average relaxation rate, Y Dh Q is
shown in Figs. 68)—6(d). There is significant scatter in the
data, due to the combined uncertainties in the value of the
relaxation time, and, more importantly, the error in the
stretch factorg (Fig. 5. The values ofy are all below 2
except for the data obtained &t 260 K, indicating again a
very peculiar behavior of water at such low temperatures as
discussed above.

V. CONCLUSIONS

We have used very high-resolution inelastic neutron scat-
tering to probe the low-energy dynamics of water the motion
of which is confined in a regular array of pores of MCM-41.
Our results confirm earlier conclusions that models based
upon Markovian processes cannot describe the molecular be-
havior of water in the supercooled state. The inelastic spectra

223 K. Although there is a significant uncertainty in the parameterare best described by Fourier transforms of stretched expo-
the trend is forB to become smaller for larger values Qf
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FIG. 6. The average relaxation rate 1)/ for water in saturated MCM-41 as a function @f The average relaxation time is calculated

using Eq.(6).
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The mode coupling theory has been very successful ishow that a KWW type ISF describes the water relaxation
describing single-water-molecule dynamics in the weakly suvery effectively.
percooled state. However, due to the small confining radius
of the pores used in thl§ study, a more approprlate theolretlcal ACKNOWLEDGMENT
framework would take into account the glasslike behavior of
the confined water. No free water is expected to exist within The authors would like to thank Collin Campbell for valu-
such small pores. The behavior of the water molecules nable discussions and assistance in scientific computing tech-
longer reflects the weak supercooled region. Our resultaiques.
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